We are developing a system to control G protein signaling in vivo to regulate a broad range of physiologic responses. Our system utilizes G protein-coupled peptide receptors engineered to respond exclusively to synthetic small molecule ligands and not to their natural ligand(s). These engineered receptors are designated RASSLs (receptor activated solely by a synthetic ligand). We have made two prototype RASSLs that are based on the human opioid receptor. Small molecule drugs that activate the receptor are nonaddictive and safe to administer in vivo. Binding and signaling assays reveal 200-2000-fold reductions in the ability of our RASSLs to bind or be activated by dynorphin, an endogenous peptide ligand of the opioid receptor. In a high-throughput signaling assay, these prototype RASSLs expressed in Chinese hamster ovary K1 cells showed little or no response to a panel of 21 opioid peptides but still signaled normally in response to small molecule drugs such as spiradoline. Activation of a RASSL by spiradoline also caused proliferation of rat-1a tissue culture cells. These data provide evidence that G protein-coupled receptors can be made into RASSLs. The potential in vivo applications for RASSLs include the positive enrichment of transfected cells and the development of new animal models of disease.
The family of G protein-coupled receptors is the largest known class of cell surface receptors (1) . These receptors respond to odorants, photons, biogenic amines, lipids, peptide hormones, and a variety of other ligands. Activation of G protein-coupled receptors affects a broad range of physiologic events, including heart rate, proliferation, chemotaxis, neurotransmission, and hormone secretion (2) . G protein-coupled receptors have a seven-transmembrane domain structure with an extracellular amino terminus and a cytoplasmic carboxyl terminus (3) . Ligands outside the cell interact with the receptor to induce a conformational change, which in turn activates a heterotrimeric (␣␤␥) G protein on the inner surface of the plasma membrane (4, 5) .
There are four major classes of G proteins, defined by their ␣ subunits (G␣ i , G␣ s , G␣ q , G␣ 12 ). Each couples to a distinct class of receptors and signals through a specific biochemical pathway. In this study, we focused on the G i -coupled (i.e., activates G␣ i ) human opioid receptor (6) (7) (8) . The G i -signaling pathway decreases intracellular cAMP levels by inhibiting adenylyl cyclase. Specific physiologic effects depend on the cell type in which the signaling is activated. For example, signaling via G i slows the contraction rate of cardiac myocytes (9) , increases proliferation of rat-1a cells (10, 11) , modulates neurotransmission in the brain (9, 12) , and promotes chemotaxis in immune cells (2) . Different receptors that signal through the same pathway (e.g., G i ) cause identical responses when activated in tissue culture cells, but it is unclear whether the same holds true in vivo. For example, it is not known whether a G i -coupled neuronal receptor (such as the receptor) can substitute for a G i -coupled cardiac receptor to slow heart rate.
Studying the effects of G protein-coupled receptor signaling in vivo is complicated by the presence of endogenous ligands, which prevent complete control of receptor activation by the investigator. Receptors engineered to respond to synthetic ligands and not to their natural ligand(s) would eliminate this problem and would be useful reagents for studying the many G protein-coupled signaling pathways. In this report, we describe our efforts to create and characterize such a receptor, which we call a RASSL (receptor activated solely by a synthetic ligand). Our strategy for developing a RASSL centers on mutating amino acid residues involved in binding the natural ligand without affecting the residues involved in binding synthetic small molecule drugs. Peptide receptors are an ideal starting point for RASSL development because peptide ligands typically interact with the extracellular loops of the receptor, whereas small molecules interact with regions closer to the transmembrane domains. Our prototype RASSLs are based on the human opioid receptor (8) , which signals in response to peptide hormones such as dynorphin and certain enkephalins. The receptor has been the focus of intense research by the pharmaceutical industry because agonists have the potential to induce analgesia without causing the respiratory depression or addiction associated with opioid receptor agonists like morphine (13, 14) . As a result, there are many nonaddictive synthetic small molecule agonists, some of which are orally available and well tolerated in humans (15, 16) . Opioid receptors have also been subjected to extensive mutagenesis, allowing us to choose mutations of the receptor that favor the construction of prototype RASSLs.
We have constructed two prototype RASSLs based on the opioid receptor. The first, called Ro1 (RASSL based on opioid receptor, no. 1), is a chimeric receptor containing the second extracellular loop (EL2) of the ␦ opioid receptor. The second, Ro2, contains, in addition to the ␦ residues, an amino acid substitution at the top of the sixth transmembrane region. We show that both receptors have decreased binding affinity and signaling to a variety of endogenous peptide ligands while maintaining wild-type responses to synthetic small molecule agonists. In addition, activation of Ro2 in rat-1a fibroblasts caused an agonist-dependent growth response. RASSLs may be useful for a variety of in vivo applications, such as creating animal models of disease and allowing positive enrichment of transfected cells.
MATERIALS AND METHODS

Construction of Engineered Opioid Receptors.
A human receptor cDNA kindly provided by L.-Y. Liu-Chen (Temple University, Philadelphia, PA) was used as a template for further manipulation and mutagenesis. The ORF was first cloned into pcDNA3 mammalian expression vector (Invitrogen). A sequence encoding the prolactin signal peptide followed by sequences encoding a FLAG epitope (DYKDDDD) was then added to the 5Ј end (17) . The signal peptide was removed by proteolysis during receptor processing, generating a mature receptor with an amino terminus recognized by commercially available anti-FLAG antibodies (IBI). The carboxyl terminus was also altered to encode a hemagglutinin 12CA5 epitope (YPYDVPDYA). Neither of these epitopes affects receptor function as tested by biochemical signaling studies when compared with the untagged receptor (unpublished observations). The Ro1 mutation substituting the EL2 loop of the ␦ receptor for the EL2 loop of the receptor was constructed by subcloning the EcoRI-BglII fragment from rat ͞␦-D (18) into the same sites in -WT. E͞Q was constructed by PCR mutagenesis using the sense oligonucleotide 5Ј-CA-TCCTAGTTCAGGCTCTGGGGAGCACCTCC-3Ј, which results in an E297Q substitution. The Ro2 construct was made by cloning the BsmBI-EcoNI fragment from E͞Q into Ro1. All clones constructed by PCR were confirmed by DNA sequencing.
Expression of Receptors and Binding Assay. Plasmid DNA (10 g) was transfected into COS-7 cells growing in 150-mm dishes by adenovirus-mediated transfection (19) . After 48-72 h, cells were harvested, and membrane fractions were prepared as described (6 (10 6 ) were transfected with 2 g of D1 dopamine receptor plasmid and 4 g of -WT, E͞Q, Ro1, or Ro2. Cells were labeled, dosed with drug, and processed as described (20) . The amount of adenylyl cyclase activity [measured as cAMP͞(cAMP ϩ ATP)] in the presence of 1 M dopamine only was assigned a value of 100%, with an average 10-fold induction of cAMP over basal.
[ 3 H]Thymidine Incorporation Assays. Rat-1a cells were transfected with either -WT or Ro2 plasmid. From a stable pool of transfectants grown in 400 g͞ml G418 (Geneticin, Life Technologies, Gaithersburg, MD), individual highexpressing clones were isolated by f luorescence-activated cell sorting with a phycoerythrin-conjugated FLAG antibody. Cells were seeded at 5 ϫ 10 5 cells per well in 24-well plates in triplicate. On the next day, the cells were placed in serum-free medium for 24 h. Dynorphin or spiradoline was then added at concentrations ranging from 0.05 pM to 1 M for 16 h, followed by addition of [ 3 H]thymidine (70 -90 Ci͞mmol, DuPont͞NEN) for 8 h. DNA was harvested as described (21) .
Fluorometric Imaging Plate Reader Assay. CHO-K1 cells were transiently transfected using Lipofectamine (Life Technologies) with the indicated receptor construct and the cDNA encoding the chimeric G protein, G␣ qo5 (22) . G␣ qo5 is a chimeric G protein ␣ subunit that has the G␣ q wild-type sequence except for the carboxyl-terminal 5 residues, which were changed to the G␣ qo sequence: GCGLY (22) . Full information regarding the use of this chimera is available at http:͞͞gladstone.ucsf.edu͞conklin.html. Twenty-four hours after the start of transfection, the cells were replated into 96-well, black-wall microplates (Corning) at 50,000 cells per well. Approximately 24 h later, the cells were loaded with Fluo-3 fluorescent calcium indicator dye (Molecular Probes) as follows. Culture medium was removed by aspiration and replaced by 0.1 ml of F12 complete growth medium containing 20 mM Hepes, 2.5 mM probenecid [Sigma, from a 250 mM stock solution in 50% Hanks' balanced salt solution (HBSS) and 50% 1 N NaOH], and 4 M Fluo-3 (Molecular Probes, from a 4 mM stock solution in dimethyl sulfoxide containing 10% pluronic acid). Probenecid was added to inhibit the extrusion of dye by the multiple drug-resistance pump. After incubation for 1 h in a CO 2 incubator, the cells were washed four times with HBSS containing 20 mM Hepes and 2.5 mM probenecid in a Denley cell washer. After the final wash, the solution was aspirated to a residual volume of 90 l. Ligands were diluted with HBSS containing 20 mM Hepes and 2.5 mM probenecid and aliquoted into a microplate. The fluorometric imaging plate reader (FLIPR, Molecular Devices) transfers 90 l from the ligand microplate to the cells and makes fluorescence readings for 2 min (every second for the first 60 s and every 2 s for the next 60 s). Total fluorescence counts from the 18-s to 37-s time points are used to determine agonist activity. The instrument software normalizes the fluorescent reading to give equivalent initial readings at time zero.
Reagents. Peptide hormones were purchased from Peninsula Laboratories, and small molecule drugs were purchased from Research Biochemicals (Natick MA). Additional supplies of spiradoline were a gift of Pharmacia. All other reagents were from Sigma or Fisher Scientific unless otherwise noted.
RESULTS
Construction of Prototype RASSLs Ro1 and Ro2. We and others (23) (24) (25) have made chimeric receptors in which portions of the opioid receptor were replaced by portions of the and ␦ opioid receptors. Results from these experiments showed that extracellular loop 2 (EL2) contains a major determinant for the binding of dynorphin (a -selective peptide), whereas EL3 contains the major binding determinants for the ␦ and receptors (23, 24) . Consequently, we constructed our first prototype RASSL by substituting the human receptor EL2 (residues 198-226) with the ␦ receptor EL2. We anticipated that this chimera would have decreased binding affinity to -specific peptides but would retain activation by -specific small molecule drugs because their binding sites are not in the extracellular loops. Two lines of evidence indicated that this strategy would be successful. First, a larger substitution (residues 185-262) in this region in the rat receptor decreased dynorphin binding (23, 25) . Second, an identical substitution, also in the rat receptor, retained a low affinity for certain ␦ receptor-specific ligands (18) , suggesting that our chimera would be unresponsive to ␦ ligands. We named this first chimera Ro1 (Fig. 1) .
To form our second RASSL, we changed the glutamic acid at position 297 in Ro1 to glutamine. Glutamic acid 297, located at the junction of transmembrane domain 6 (TM6) and EL3 in the receptor, is thought to contribute to specific opioid peptide binding (26) . The cognate residue in the ␦ receptor is a tryptophan (27) . This single amino acid difference could contribute to the binding site specificity of each receptor, as tryptophan is highly polar whereas glutamic acid is negatively charged. We hypothesized that a conservative mutation such as E297Q would remove the charge but minimize other changes to the small molecule binding pocket. We wanted to make this substitution as conservative as possible because a more dramatic change at this position (E297A) decreased the binding of the -selective small molecule antagonist nor-BNI 26) . This second RASSL, Ro2, thus contains both the ␦ EL2 sequences and the E297Q substitution (Fig. 1) . When the E297Q substitution is present without the ␦ EL2, the receptor is called E͞Q.
Binding and Signaling via the Inhibition of Adenylyl Cyclase.
Competitive radioligand-binding assays were used to test the binding affinities of the receptors for various opioid agonists, including the peptide dynorphin A(1-13) and the synthetic drugs bremazocine, spiradoline, and ICI204,448 hydrochloride. Dynorphin is an opioid peptide hormone, bremazocine a nonselective opioid agonist (13), spiradoline a highly selective agonist (15, 28) , and ICI204,448 a agonist that does not cross the blood-brain barrier (29) . The most dramatic differences between the receptors were seen in their binding affinities for dynorphin. All the tested receptors have decreased dynorphin binding as compared with the wild-type receptor (-WT) (Fig. 2 , Table  1 ). Compared with that of -WT, the K i of dynorphin for Ro1 showed a 200-fold decrease, E͞Q a 6-fold decrease, and Ro2 a nearly 2,000-fold decrease in binding activity. All maintained affinities for bremazocine and ICI204,448 that were unchanged from those of -WT. Binding of spiradoline was reduced about 5-fold in receptors containing the E297Q substitution (E͞Q and Ro2) but was not significantly affected in Ro1. These data demonstrate that the binding domain of dynorphin can be separated from those of small molecule agonists, thus allowing the development of receptor-based RASSLs.
We next tested the abilities of these engineered receptors to signal in a physiologic assay by using CHO-K1 tissue culture cells. Because the receptor couples to G␣ i , receptor activation can be measured biochemically by inhibition of adenylyl cyclase activity. All the receptors inhibited adenylyl cyclase when stimulated with dynorphin, and the IC 50 values reflected the differences in their K i values for dynorphin binding (Table  1) . For example, dynorphin activates -WT to inhibit adenylyl cyclase with an EC 50 value of 0.66 nM, about 92-fold greater than Ro1 and 1,600-fold more than Ro2. All engineered receptors are similar to -WT with respect to signaling in response to bremazocine.
Screening Opioid Peptides for Activation of Prototype RASSLs. Dynorphin is the classic receptor agonist, but there are at least 21 opioid peptides that could theoretically activate the receptor, Ro1, or Ro2 (30) . To screen all these peptides rapidly and rigorously, we modified a highthroughput screening assay used by the pharmaceutical industry to detect calcium mobilization mediated by G protein-coupled receptors. Although receptor stimulation does not normally cause calcium mobilization in CHO cells, it will mobilize calcium when coexpressed with the G protein chimera, G␣ qo5 (22) . G␣ qo5 was designed to allow G i - coupled   FIG. 1 . Modifying the human receptor to make the Ro1, E͞Q, and Ro2 receptors. The wild-type sequence is shown as E; residues that have been changed are shown as F. The EL2 loop exchange is included in Ro1 and Ro2 constructs. The E297Q mutation is included in the E͞Q and Ro2 constructs. The FLAG epitope is included in all the constructs in this study. Table 1 . The amount of radioligand bound in the absence of competing ligand was assigned a value of 100%. (1998) receptors (such as the receptor) to signal via the G q pathway and induce calcium mobilization. Although transient, the calcium mobilization can be easily monitored in real time with 96-well microplates and a FLIPR. Because the FLIPR assay provides a more rapid and robust signal than the adenylyl cyclase inhibition assay, we were able to assess the relative agonist activity of the panel of 21 endogenous opioid peptides (Table 2) on -WT, Ro1, and Ro2. The results from screening each peptide at concentrations of 0.01, 0.1, and 1.0 M show that, remarkably, the receptor responded to 17 of 21 peptides tested; the only peptides that did not elicit a response were the ␤-endorphins (1-27 and 1-31), Leu-enkephalin, and Met-enkephalin (Fig. 3) . The amino acid changes in Ro1 seemed to decrease signaling by all of the agonist peptides. In fact, at the highest dose tested (1 M), Ro1 responded significantly to ␣-neo-endorphin and ␤-neo-endorphin only. Addition of the E297Q substitution in Ro2 reduced responsiveness to ␣-neo-endorphin and ␤-neoendorphin to basal levels, thereby improving Ro2 as a RASSL. In all cases, the response to spiradoline was relatively unchanged. These results were confirmed by a more thorough dose-response experiment comparing the signaling of -WT, Ro1, and Ro2 to spiradoline, dynorphin A(1-13), ␣-neo-endorphin, MERF, and BAM 12 (Fig. 4) . Proliferation Induced by a Prototype RASSL. Control of proliferation by G protein-coupled receptors may be valuable for therapeutic applications. For example, one limitation of current gene therapy protocols is the inability to transfect enough cells to generate a therapeutic response. G proteincoupled receptors that cause proliferation could be used, in the presence of exogenously added agonist, to select for transfected cells in vivo.
DNA synthesis can be used as an index of cell proliferation and can be measured experimentally by incorporation of [ 3 H]thymidine in response to growth signals (10) . Because rat-1a fibroblasts proliferate in response to G i signaling, we generated clonal rat-1a cell lines expressing either -WT or Ro2 to determine if these receptors could induce proliferation. Both receptors caused a robust increase in DNA synthesis in response to spiradoline, with EC 50 values of 4.4 nM for -WT and 5.5 nM for Ro2 (Fig. 5) . Signaling by Ro2 in response to the peptide dynorphin A(1-13) was drastically reduced to the point that it was undetectable at 1 M. For comparison, spiradoline was maximally effective at 37 nM in this assay and detectable at 5 nM.
To demonstrate that signaling by Ro2 was indeed mediated by G i , cells were pretreated with pertussis toxin, which inactivates G␣ i protein subunits (4). Pertussis toxin completely blocked signaling by Ro2 in response to spiradoline, indicating that the proliferative effect is caused by G i signaling (Fig. 5) . Because the basal activity in the treated cells was the same as, and not lower than, that in untreated cells, this result also indicates that this receptor is not constitutively active when overexpressed in tissue culture cells.
DISCUSSION
We have shown that our prototype RASSLs based on the receptor have decreased binding affinity and signaling in response to dynorphin A(1-13) and 20 other opioid peptides while maintaining near wild-type affinity and signaling in response to synthetic small molecule agonists. These results demonstrate the feasibility of RASSL development.
The greatest decrease in opioid peptide binding and signaling was seen in Ro1, in which the EL2 loop was replaced by ␦ sequences. Both the enkephalin and the dynorphin peptides Table 2 for peptide ligand amino acid sequences. Although abbreviations are used here, the order of the peptide ligands is the same as in Table 2 . Data in Figs. 3 and Fig. 4A are expressed as mean of duplicate determinations in a single experiment; two additional experiments gave similar results. Proopiomelanocortin products ␤-Endorphin YGGFMTSEKSQTPLVL (10) ␤-Endorphin(1-31)
YGGFMTSEKSQTPLVL (14)
Proenkephalin products Leu-enkephalin
YGGFMRRVGRPEWW (4) BAM 22
YGGFMRRVGRPEWW (7)
Peptide E
YGGFMRRVGRPEWW (10)
Prodynorphin products Dynorphin A1-7 
YGGFLRR
YGGFLRKYP
Amino acid sequences of peptides derived from the opioid precursor proteins proopiomelanocortin, proenkephalin, and prodynorphin, using the single letter amino acid notation. Where only a partial sequence is given, the number of additional amino acids is indicated in parentheses.
were affected by this substitution, which was somewhat surprising because of the diverse nature of these peptide families (see Table 2 ). The additional E297Q substitution in Ro2 further reduced the dynorphin and enkephalin signaling and more dramatically reduced the residual signaling by ␣-and ␤-neo-endorphin. However, both Ro1 and Ro2 have near wild-type binding affinity to, and signaling by, small molecule drugs like spiradoline and bremazocine. It is possible, therefore, that the binding sites for the peptides and small molecules are totally distinct, and one can be eliminated without affecting the other. Alternatively, it may be that the peptides and small molecules have distinct but overlapping binding sites, and the changes made in Ro1 and Ro2 simply affect regions that are peptide-specific. The latter hypothesis seems more likely and is consistent with the view that although peptides may initially bind to the extracellular portion of the receptor, they activate it through contacts deeper within the transmembrane region.
The demonstration that the receptor can be made into a RASSL raises the possibility of engineering RASSLs from receptors that signal through different or multiple G protein pathways. The challenge, of course, is to find receptors that have synthetic agonists whose binding sites can be separated from that of the natural ligand(s). Other peptide receptors that respond to small molecule drugs could be used, but relatively few small molecule drugs act on peptide receptors (31) . RASSLs could also be made from receptors that have nonpeptide hormones, such as biogenic amines (1, 32) . Of the biogenic amine receptors, the serotonin receptors may provide the best opportunity for RASSL development because several synthetic serotonin receptor agonists differ greatly from serotonin in their structure and may bind to the receptor at distinct sites. It seems less likely that a RASSL could be made from an adrenergic receptor because the available synthetic agonists all resemble the natural hormone epinephrine (13) . In an elegant study. Strader et al. (40) made a custom ligand specifically designed to complement a mutant adrenergic receptor that had impaired binding to epinephrine. Unfortunately, this custom ligand is unlikely to be useful for most in vivo studies because it is not commercially available and is 1,000-fold less potent (EC 50 ϭ 40 M) than other adrenergic agonists. By comparison, the EC 50 for spridoline-induced proliferation in Ro2-transfected rat-1a cells is 5.49 nM (Table 1) . Alternatively, although the receptor is G i -coupled, it is possible that the G protein-binding surface could be altered to allow signaling via other G proteins.
The binding experiments indicated that Ro2 has 2,000-fold lower affinity for dynorphin than -WT. Is this enough for in vivo RASSL applications? It is difficult to define the level of unresponsiveness to natural hormones that is required. Most peptides are found in the body at concentrations that are 100-fold lower than the 1-M level we have used for testing. However, as higher local concentrations may be found in certain body subcompartments, this question can be answered only by observing the consequences of expressing RASSLs in vivo.
Recently, two other types of regulatory systems have been developed to control physiologic responses in vivo. The first type is based on chimeric transcription factors that can be regulated by tetracycline (33, 34) , mifepristone (RU486), or ecdysone (35, 36) . The second type uses drugs such as FK1012 (37), rapamycin, or coumermycin (38) to initiate proteinprotein dimerization to reconstitute transcription factor activity or to activate intracellular signaling pathways. These systems allow precise temporal and spatial regulation of gene expression in transgenic animals and hold great promise as tools for tissue engineering or gene therapy (35) . We have now demonstrated a third type of regulatory system that is based on G protein signaling. Activation of G protein-mediated signaling pathways to mimic the effects of natural hormones could allow fine control of complex physiologic processes such as heart rate, chemotaxis, and proliferation.
Ectopic expression and activation of RASSLs in certain tissues may identify pathologies caused by abnormal signaling. In fact, RASSLs may be particularly useful for developing animal models of diseases in which abnormal G protein signaling has been implicated. For instance, increased G i signaling has been implicated as a potential cause of dilated cardiomyopathy in humans (39) . It will be interesting to determine if RASSL-induced G i signaling will cause a dilated cardiomyopathy in transgenic mice. Similarly, RASSLs may provide a means of testing the hypothetical role of G protein signaling disorders of the thyroid, bone, testis, pituitary, and 
